The effect of the speed of a background surface on the judged shape of a moving object was investigated in four experiments. Observers judged the magnitude of a concave dihedral angle translating or rotating against a planar background. Judged angle magnitude decreased (indicating an increase in perceived depth) with increasing background speed until the background speed reached the speed of the front edge of the angle. Judged angle magnitude then increased with background speed until the difference between the background and front edge speed was large. A model that was previously proposed to account for angle magnitude judgments from translations and rotations is extended to displays with a moving background.
Introduction
The human visual system can construct a 3-D interpretation of a scene from 2-D retinal images, using motion information. Rogers and Graham (1979) demonstrated that object shape and relative depth can be recovered from the motion parallax produced by perspective views of horizontal translations, generated either by self-motion or object motion. Wallach and OÕConnell (1953) showed that 3-D shape can be recovered from shadow projections of objects rotated in depth. They called this the ''kinetic depth effect'' and it is often referred to as ''structure-from-motion'' (Ullman, 1979) . Although retrieving 3-D information from motion in 2-D images is an ill-posed problem, our visual system seems to be able to resolve the ambiguities by applying constraints. For example, according to the rigidity principle, motion in a 2-D image is interpreted as the projection of rigid motion in 3-D whenever possible (Ullman, 1979) . (For a recent review of motion parallax and structure-from-motion, see Howard & Rogers, 2002.) Most of the previous research on the recovery of object shape from motion parallax and structure-frommotion has focused on the recovery of the 3-D structure of isolated objects or surfaces. In a typical 3-D scene, however, there may be several moving objects and interactions between the motions of these objects and surfaces may affect the judged shape of an object in the scene. This is expected because the perceived 2-D speed of a surface is affected by the speed of a surrounding surface. For example, Duncker (1929) , Loomis and Nakayama (1973) and Tynan and Sekuler (1975) found effects of a moving surround on perceived target speed and Whitney and Cavanagh (2002) found effects of a moving surround on perceived target location. Norman, Norman, Todd, and Lindsey (1996) , using a 2-D display with a circular disk as a target and a surrounding annulus as the background, found that the perceived target speed was a U-shaped function of the background speed. The visual processing of the 2-D speeds in an image that form the basis for the perception of 3-D shape from motion parallax or structure-from-motion may be affected by background speed in a similar manner.
The object that we used to study the effect of background speed on judgments of 3-D shape was a dihedral angle. This object was selected because a number of previous studies (e.g., Braunstein & Andersen, 1981; Braunstein, Liter, & Tittle, 1993; Liter & Braunstein, 1998; Todd & Norman, 1995 , 2003 Todd & Perotti, 1999) have examined the effects of the relative velocities within the dihedral angle on judgments of its shape. The dihedral angle consisted of two planar facets slanted in depth (Fig. 1) . The intersection of the two planar facets is the dihedral edge. In a convex dihedral angle, the dihedral edge is the edge closest to the observer. In a concave angle, the dihedral edge is farthest from the observer. In the present experiments the simulated dihedral angle was concave (for perspective projections--orthographic projections will be discussed later). The two edges closest to the observer will be referred to as the front edges. The magnitude of the dihedral angle is determined by measuring the interior angle between the two slanted planes.
The formula for computing the magnitude of a dihedral angle from image parameters depends on the type of motion and projection. When a dihedral angle is translating under perspective projection, the angle magnitude, b t , is a function of the ratio of the maximum to minimum velocities and the visual angle measured from the upper front edge to the lower front edge (Braunstein et al., 1993) ,
where r is the ratio of the maximum to minimum velocity for a concave angle and a is the visual angle. For a dihedral angle rotating under orthographic projection, the angle magnitude, b r , is a function of the difference between the maximum and minimum velocities and the angle through which the dihedral angle has rotated (Braunstein et al., 1993) ,
where h is the projected height of the dihedral angle in the image, h is the rotation angle and d is the difference between the maximum and minimum velocities. Judgments of angle magnitude by human observers seem to be related to these geometrical derivations. The judged angle magnitude decreased with an increase in the velocity ratio for a dihedral angle shown translating under perspective projection. For an angle shown rotating under orthographic projection, however, judged angle magnitude was a function of the difference between the velocities (Braunstein et al., 1993) . The perceived magnitude of the dihedral angle is usually overestimated (the depth is underestimated) when the angle translates under perspective projection and underestimated (the depth is overestimated) when the angle rotates under orthographic projection (Braunstein et al., 1993) . Braunstein et al. (1993) proposed a ''compromise hypothesis'' to account for these results. The ''compromise hypothesis'' states that both perceived translation and perceived rotation contribute to the angle size judgments whether the angle is actually translating or rotating.
The purpose of the present study was to determine the relationship between the velocity of a background plane and the judged shape of a dihedral angle. We also examined whether the compromise hypothesis could be modified to account for the effect of a background plane. There are four principal experiments described in this paper. In the first experiment, the stimulus was a horizontal dihedral angle translating horizontally against a background that was either stationary or was translating horizontally in the same direction as the angle. In the second experiment, the angle and the background both translated horizontally, but in opposite directions. In the third experiment, the dihedral angle was vertical and both the angle and background translated vertically. In the fourth experiment, a horizontal dihedral angle was rotated back and forth with the background translating horizontally in phase with the rotation. In a control experiment, a horizontal dihedral angle translated horizontally with no background present.
General methods

Stimuli
The stimuli were computer-generated random dot patterns simulating horizontally or vertically oriented dihedral angles with a frontal-parallel planar background. The horizontally oriented dihedral angles were centered vertically against the background and the vertically oriented dihedral angles were centered horizontally. The background was thus above and below the dihedral angle when the angle was horizontal and to the left and right of the dihedral angle when the angle was vertical. The dihedral angle and the background plane each contained 500 bright green dots. The dot density was uniform in the image and constant over time, except for the rotating dihedral angle in Experiment 3. Dot density in the image of the rotating angle increased by a maximum of 1.5% during rotation, but remained uniform. At a viewing distance of 1.14 m, the display subtended a visual angle of 10°· 10°, with the dihedral angle subtending 10°· 5°when it was horizontal and 5°· 10°when it was vertical. The dihedral angle magnitudes calculated for the perspective projections (Experiments 1-3 and 5) are based on the ratio of the front edge speed to the dihedral edge speed and a visual angle of 5°for the entire dihedral angle (upper front edge to lower front edge for a horizontallyoriented angle), using Eq. (1).
Apparatus
The stimuli were presented on a 19-in. (48 cm) calligraphic display scope with a Tucker-Davis six-channel digital-to-analog interface controlled by a Dell Pentium III computer. The positioning accuracy of the dots was 16,000 · 16,000. The frame rate was 30 Hz.
Procedure
Observers viewed the stimuli monocularly through a viewing tube and square mask. The mask was located 17.5 cm from the eye and limited the field of view to a 10°· 10°(20 cm · 20 cm) area on the display scope. The dihedral angle always extended beyond the field of view so that its leading and trailing edges were not visible. The viewing distance was 1.14 m. The observerÕs task was to adjust a cross-section of the angle on a monitor positioned at a 90°angle to the display scope, using a mouse, so that it matched the perceived magnitude of the dihedral angle in the stimulus (Fig. 2) . The experiment was self-paced. When the observer was satisfied with her adjustment, she pushed the middle button to advance to the next trial.
Statistical analyses
We used analysis of variance for within-subjects designs to analyze the data. In order to compensate for the violation of the homogeneity assumption, BoxÕsê adjustment (Geisser-Greenhouse adjusted procedure) was used for factors with more than two levels as recommended by Keppel (1991) and Mexwell and Delaney (1990) . The results are reported with the unadjusted degrees of freedom, the adjustment magnitudeê and the corrected p values.
Experiment 1
Experiment 1 was designed to examine the effect of the speed of the background plane on the judged magnitude of horizontally oriented dihedral angles when the background and the dihedral angle translated horizontally in the same direction. In Experiment 1a, a set of coarser levels of background speed was investigated to obtain the general characteristics of the effect of background speed on angle size judgments. In Experiment 1b, a set of finer levels of background speed, close to the speed of the dihedral angle, was employed to examine more closely the effect of background speed on angle size judgments when the speeds of the angle and background were similar.
Stimuli
The stimuli were perspective projections of a horizontal dihedral angle translating horizontally against a frontal plane that was either stationary or translating in the same direction as the angle.
Design
Three variables were examined: the background speed, the ratio of the angleÕs front edge speed to its dihedral edge speed, and the direction of translation (left or right). The experiment was run in two parts, 1a and 1b. There were six levels of background speed in Experiment 1a (0.0, 1.0, 2.0, 4.0, 6.0 and 8.0°/s) and five levels of background speed in Experiment 1b (2.0, 2.25, 2.5, 4.0 and 5.0°/s). There were two velocity ratios: 1.125 and 1.25. When presented with a visual angle separation of 5°between the top and bottom front edges (i.e., a separation of 2.5°between one of the front edges and the dihedral edge), these two velocity ratios correspond to dihedral angle magnitudes of 38.5°and 19.8°, respectively. With the dihedral edge translating at 2°/s, the two velocity ratios corresponded to front edges speeds of 2.25 and 2.5°/s (see Fig. 3 ). Overall, there were 6 · 2 · 2 conditions in Experiment 1a and 5 · 2 · 2 conditions in Experiment 1b. There were five trials for each condition. In each experiment, the trials were grouped into two blocks, preceded by a practice block consisting of five trials of each combination of background speed and dihedral angle size. The order of the trials was randomized.
Observers
Six observers participated in this experiment: ZB, CF, HZ, RN, SL and DS. HZ is the first author and ZB, CF, RN were familiar with the purpose of the research. SL and DS were naïve to the purpose of the study.
Results
The angle magnitude was always overestimated, indicating that the depth was underestimated. This is consistent with previous studies of size judgments of an isolated translating dihedral angle (Braunstein et al., 1993) . Separate three-way ANOVAs (6 or 5 background speeds · 2 angle sizes · 2 translation directions) were conducted for Experiments 1a and 1b. The main effect of background speed was significant in both experiments, F(5,25) = 6.629,ê ¼ 0:331, p < 0.01 in Experiment 1a and F(4,20) = 5.114,ê ¼ 0:504, p < 0.05 in Experiment 1b. The main effect of angle size was also significant in both experiments, F(1,5) = 52.13, p < 0.01 in Experiment 1a and F(1,5) = 30.10, p < 0.01 in Experiment 1b. The order of the angle magnitude was preserved in the judgments: judgments for the larger simulated angle were larger than the judgments for the smaller simulated angle for all background speed conditions. The main effect of translation direction was not significant in either experiment. The interaction between the angle size and background speed was significant in Experiment 1a, F(5,25) = 7.063,ê ¼ 0:474, p < 0.01. There was a significant interaction between the angle size and translation direction, F(1,5) = 13.604, p < 0.05, in Experiment 1b. There were no other significant interactions in the two experiments. The combined results of Experiments 1a and 1b are shown in Fig. 4 .
The curve showing judged angle size as a function of background speed can be divided into three phases on the basis of the relationship between the background speed and the speed of the front edge of the angle. In the first phase, the background speed is less than the front edge speed (2.25°/s for the 38.5°angle and 2.5°/s for the 19.8°angle). The judged angle magnitude in this region decreased as the background speed increased. In the second phase the background speed is equal to or greater than the front edge speed. In this region judged angle size increased sharply with background speed. In the third phase the background speed is much larger than the dihedral edge speed. In this region the background speed no longer appears to affect the judged angle magnitude. This seems to occur when the background speed exceeds 4°/s.
Experiment 2
In Experiment 1 there was a significant effect of background speed on the judged shape of the dihedral angle when both the target and background translated in the same direction. In this experiment, we investigated whether there was a similar effect when the background and angle translated in opposite directions. 
Stimuli and design
The stimuli were similar to those in Experiment 1 except that the angle and background translated in opposite directions and only three background speeds were included, 1, 2 and 4°/s. The design was the same as in Experiment 1a, except for the reduced number of background speeds.
Observers
The four knowledgeable observers who participated in Experiment 1, ZB, CF, HZ and RN, participated in Experiment 2.
Results and discussion
A three-way ANOVA showed a significant main effect for angle size, F(1,3) = 175.24, p < 0.01. There were no other significant main effects or interactions. The larger angle was judged larger for all speed conditions. The dihedral angle magnitude was always overestimated (Fig. 5) . The background motion did not have a significant effect on the judged shape of the dihedral angle when the background and angle translated in opposite directions. Angle magnitude judgments were consistent with judgments in the control experiment in which the angle translated at 2°/s with no background (Fig. 8) .
Experiment 3
The purpose of this experiment was to determine whether the results for horizontal dihedral angles can be extended to vertical dihedral angles.
Stimuli and design
The stimuli were similar to those in Experiment 1 with the conditions in 1a and 1b combined, except that the dihedral angle was oriented vertically and the angle and background translated vertically. The design was similar to that of Experiment 1.
Observers
The observers were the same as in Experiment 1.
Results
The results for vertical dihedral angles were very similar to the results for horizontal dihedral angles (Fig. 6) . The angle magnitude was always overestimated. The order of the angle magnitude was preserved. A threeway ANOVA showed significant main effects for angle size, F(1,5) = 14.651, p < 0.05, and background speed, F(8,40) = 4.666,ê ¼ 0:321, p < 0.05. As in Experiment 1, the function relating judged angle size to background speed appears to divide into three phases, with a decrease in judged angle size with increased background speed in the first phase, an increase in judged angle size with increased background speed in the second phase, and a relatively flat function in the third phase. The main effect of translation direction was significant, F(1,5) = 17.837, p < 0.01. Judged angle size was smaller and thus closer to the simulated size when the translation was downward than when it was upward. This could be related to a downward motion preference (Naito, Kaneoke, Osaka, & Kakigi, 2000; Wattam-Bell, 2001 ). There were no significant interactions.
Experiment 4
The purpose of this experiment was to determine whether the background speed exhibits the same effect on the perceived 3-D shape of an object specified by structure-from-motion. In particular, we wanted to determine whether the results for a translating dihedral angle could be extended to a rotating dihedral angle. 
Stimuli
The stimuli were orthographic projections of horizontal dihedral angles oscillating in depth about a vertical axis. Although orthographic projections do not occur in direct vision (they are approximated when the viewing distance is very large relative to the depth within an object), they allow us to isolate the effects of motion on perceived 3-D structure that are not based on perspective. The background was a frontal plane that was either stationary or translating horizontally in a cyclical motion in phase with the rotation of the angle. There were nine background speeds: 0.0, 1.0, 2.0, 2.25, 2.5, 4.0, 5.0, 6.0, 8.0°/s. The 3-D rotation magnitude of the dihedral angle was ±10°. The dihedral edge was located at a simulated distance of 45.6 cm from the axis of rotation. This distance was chosen to match the projected front edge and dihedral edge speeds in the center of the dihedral angle to the projected speeds in the translation sequences in the previous experiments. The 2-D speed at the center of the dihedral edge was 2°/s. As in the preceding experiments, the ratios of the front edge speed to the dihedral edge speed were 1.125 and 1.25. These ratios corresponded to simulated angle magnitudes of 70°and 38°. (To keep the images of the rotating dihedral angles similar to those of the translating angle we matched the velocity ratios rather than the simulated angle magnitudes across experiments.) Matching the projected speeds and speed ratios to the previous experiments resulted in simulated distances from the front edge to the axis of rotation of 52.8 cm for the 70°angle and 60.0 cm for the 38°angle. The rotation was either clockwise or counterclockwise. Although the rotation direction and the angle orientation is geometrically ambiguous in an orthographic rotation, previous research (Braunstein et al., 1993) has found that the when the dihedral edge is moving more slowly than the outer edges, the angle is almost always perceived as concave relative to the observerÕs viewpoint.
Design
Overall, there were 9 (background speeds) · 2 (angle magnitudes) · 2 (initial motion directions) conditions with five trials for each condition. The trials were grouped into two sessions by background speed, with the two sessions run on separate days. In the first session the background speeds were the same as in Experiment 1a. In the second session the background speeds were the same as in Experiment 1b. In each session, the trials were grouped into two equal blocks. The order of the trials was randomized. For the knowledgeable observers, a practice block of 24 trials was run prior to the first session on the first day. For naïve observers, a practice block of 60 trials preceded the first session. The order of the trials was randomized. On the second day, there were six practice trials prior to each block for all observers.
Procedure
The procedure was the same as in Experiment 1.
Observers
The participants were the four knowledgeable observers who participated in all previous experiments, ZB, CF, HZ, RN, and one naïve subject, SL, who had participated in Experiments 1 and 3.
Results
The results for rotating dihedral angles (Fig. 7) were similar to the results for translating dihedral angles, except that in some conditions the angle magnitude was underestimated, whereas it was always overestimated in the first experiment. A three-way ANOVA showed significant main effects for angle size, F(1,4) = 66.191, p < 0.01, and background speed, F(8,32) = 5.995, e ¼ 0:308, p < 0.05. As shown in Fig. 7 , these results also can be divided into three phases based on the relationship between background speed and front edge speed. The effect of rotation direction was not significant. The interaction between the background speed and angle size was significant, F(8,32) = 5.874,ê ¼ 0:289, p < 0.05. There were no other significant interactions.
Control experiment
In all of the previous experiments a dihedral angle moved against a translating background plane. The purpose of the control experiment was to compare these results to angle magnitude judgments for a dihedral angle translating under the same viewing condition without a background plane. 
Design
The stimulus was a horizontal dihedral angle subtending 10°· 5°and translating at 5 levels of speed: 1, 2, 4, 6, 8°/s. There were two simulated angle sizes: 38.5°and 19.8°. The translation direction was either towards the right or towards the left. There were five repetitions for each condition.
Participants
There were three knowledgeable observers, CF, HZ and RN, who had participated in the previous experiments and an observer, ML, who was naïve to the purpose of the experiment and had no prior experience with the stimuli.
Results
The magnitude of the dihedral angle was overestimated (Fig. 8) . A three-way ANOVA indicated that there was a significant effect of simulated angle size, F(1,3) = 39.63, p < 0.01, with the larger angle judged to be larger. The perceived angle size decreased significantly with an increase in angle speed, F(4,12) = 11.020,ê ¼ 0:267, p < 0.05. There were no other significant main effects or interactions. The results were comparable to those obtained when the dihedral angle was translating against a stationary background.
Discussion
The principal findings in this set of experiments are the following:
(1) The perceived order of dihedral angle magnitude was preserved: The smaller simulated angle was judged smaller in all conditions.
(2) The judged angle size was overestimated in all conditions when the dihedral angle translated and underestimated for some of the conditions when the angle rotated. (3) When the background and angle moved in the same direction, there was a significant effect of background speed on the judged 3-D shape of the angle. The translation speed of a frontal plane in the background exerted a similar significant influence on perceived shape for both translating and rotating dihedral angles.
Theoretically, the slant of a plane can be computed from a perspective projection of a translation using the ratio of the maximum to minimum velocity and the visual angle subtended by the distance between the edges moving at these velocities. The slant of a plane undergoing rotation can be computed from an orthographic projection using the difference between the maximum and minimum velocity and the rotation angle. However, angle size is typically overestimated with perspective translations and is sometimes underestimated with orthographic rotations. These results are consistent with the compromise hypothesis (Braunstein et al., 1993) which states that even when a pure perspective translation or a pure orthographic rotation is simulated, the perceived slant is based on a combination of the slants that would be computed from the velocity ratio, velocity difference, visual angle, and perceived rotation for these two alternative motion-projection combinations. However, the compromise hypothesis alone cannot account for the changing relationship between background speed and perceived angle magnitude that was found as the background speed approached, and then exceeded, the front edge speed of the dihedral angle. We propose a model extending the compromise hypothesis to account for the background speed effect. In this model, when the background speed is less than the front edge speed (Phase I), the dihedral angle is seen moving against the background. Under these conditions, the velocities used by the visual system in computing the velocity ratio would not be the objective velocities of the dihedral edge and front edge but should be based on relative velocities between the background and the dihedral angle (Duncker, 1929; Loomis & Nakayama, 1973; Norman et al., 1996; Tynan & Sekuler, 1975) . For simplicity, we used the difference between the objective velocities of the background and the dihedral angle in the model to estimate the perceived velocities of the dihedral edge and of the front edges of the angle. Subtracting a constant from the objective velocities increases the velocity ratio.
When the background speed is equal to or greater than the front edge speed (Phase II), the angle is no longer perceived as moving against the background. Instead, the ''background'' may be seen as adjacent to the front edge in depth. When the background speed is the same as the front edge speed, a rigid relationship may be perceived between the background and the front edge. As the background speed increases, some of the velocity difference between the angle and the background would have to be processed as resulting from rotation of the angle, in order to maintain the perception of a rigid relationship between the angle and the background. This increases the weight given to the rotation component in the compromise hypothesis. As a result, less depth is perceived and the judged angle magnitude increases.
When the background speed becomes much greater than the front edge speed (Phase III), the discrepancy between the flow fields of the target and the background is so great that the rigid perception cannot be maintained. Therefore, the background speed no longer influences the perceived angle magnitude (Phase III).
We used the same basic model as Braunstein et al. (1993) to fit the data:
where j is the judged magnitude of the dihedral angle, w is weight of the judged angle size from perspective translation, b t is the dihedral angle magnitude computed for translation, and b r is the dihedral angle magnitude computed for rotation. The computation of b t and b r , however, differed from the previous model in the following ways:
(1) The velocity ratio used in b t was computed from the edge velocities relative to the background, rather than from the objective edge velocities. Thus,
and
where r ¼ relative front edge speed relative dihedral edge speed ;
h is the projected height of the dihedral angle, d is the difference between the maximum and minimum velocities, h c is a constant perceived rotation angle, and h v = k (background speed À front edge speed), where k is a constant. If h v < 0 then h v = 0.
In Phase I, with the front edge speed faster than the background speed, h v is 0. In Phase II, with the background speed equal to or greater than the front edge speed, h v is a linear function of the difference between the background speed and the front edge speed. Fig. 9 compares the model estimates to the observed judgments. These fits use three parameters--w, h c and k--for each of the two angle magnitudes. The same parameters were used for all three experiments shown in for fitting the six curves (horizontal motion small angle, horizontal motion large angle, vertical motion small angle, vertical motion large angle, rotation small angle, rotation large angle) were 2.84°, 1.16°, 4.32°, 1.84°, 4.29°and 1.21°, respectively. When the background plane and dihedral angle translated in opposite directions, background speed did not significantly affect judged shape. This may be related to the smoothness constraint in motion parallax: When the difference in the velocity gradients is too large, a motion parallax analysis based on rigidity is not applied across the entire configuration and multiple objects moving independently may be perceived (e.g., Ono & Steinbach, 1990) .
Theoretically, the slant of a plane moving rigidly can be recovered unambiguously under perspective projection from two distinct views in the presence of a second plane, given the first spatial derivatives of an optical flow field (Negahdaripour & Lee, 1992) . Under orthographic projection, the slant of a plane can be recovered from three views of two points with rigid planar motion (Hoffman & Flinchbaugh, 1982) . Our results demonstrate, however, that information that is theoretically sufficient does not ensure a veridical shape judgment. Instead, perceived shape depended on factors unrelated to the information that specified the simulated shape. This has implications for applying theoretical models that recover shape from optic flow to human visual perception.
